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ABSTRACT 
A system of shadow s h i e l d s  f o r  t h e  long-term thermal pro- 
t e c t i o n  of a l i q u i d  hydrogen p r o p e l l a n t  tank w a s  designed and 
f a b r i c a t e d .  The design w a s  based on the  r e s u l t s  of a previous 
a n a l y t i c a l  s tudy i n  which several conceptual  designs were 
evaluated f o r  a spaceborne upper-stage conf igu ra t ion  i n  which 
t h e  shadow s h i e l d s  were l o c a t e d  between a sun-oriented, 10-foot- 
diameter payload and l i q u i d  hydrogen tank. This  r e p o r t  desc r ibes  
t h e  design and f a b r i c a t i o n  of a scaled-down, 4 1/2-foot-diameter 
shadow s h i e l d  system which w i l l  b e  used i n  ground-based experi-  
ments t o  determine the  e f f e c t i v e n e s s  of a shadow s h i e l d  system 
i n  reducing p r o p e l l a n t  boil-of f . 
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1.0 INTRODUCTION 
The long-term s t o r a g e  of cryogens i n  space has received a 
g r e a t  d e a l  of a t t e n t i o n  during t h e  p a s t  decade, p a r t i c u l a r l y  
w i t h  the  advent of h igh  specif ic- impulse,  hydrogen-fueled, space 
propuls ion methods. I n  gene ra l ,  a l a r g e  e f f o r t  has been devoted 
t o  t h e  development of h igh ly  e f f i c i e n t  m u l t i l a y e r  i n s u l a t i o n s  
(MLI) as a means f o r  minimizing t h e  h e a t  inleakage and r e s u l t i n g  
cryogenic p r o p e l l a n t  bo i l -o f f  i n  t h e  space environment. The use 
of MLI--applied d i r e c t l y  t o  t h e  o u t e r  s u r f a c e s  of t h e  cryogenic 
tankage--will be  r equ i r ed  f o r  t hose  missions where t h e  v e h i c l e  
is  randomly o r i e n t e d ,  e s p e c i a l l y  i n  t h e  v i c i n i t y  of p l a n e t s  
where t h e  h e a t  i n p u t s  from planet-emit t e d  r a d i a t i o n ,  albedo and 
d i r e c t  s u n l i g h t  vary i n  t i m e  and d i r e c t i o n  over an o r b i t .  How- 
ever, t he  demonstrated r e l i a b i l i t y  and c a p a b i l i t y  of a t t i t u d e  
c o n t r o l  systems t o  accu ra t e ly  o r i e n t  a s p a c e c r a f t  f o r  long pe r i -  
ods i n  deep-space missions,  (e .g . ,  Mariner I V  which w a s  sun- 
o r i e n t e d ,  and more f r equen t  use of h igh -a l t i t ude ,  sun-synchronous 
e a r t h  o r b i t s )  have s t i m u l a t e d  i n t e r e s t  i n  shadow s h i e l d i n g  tech- 
niques which r e l y  upon d i r e c t i o n a l  e f f e c t s  t o  minimize the  h e a t  
i n p u t s  from a payload o r  d i r e c t  s u n l i g h t .  
The o b j e c t i v e s  of t h e  s u b j e c t  c o n t r a c t  are t o  e v a l u a t e  s i x  
shadow s h i e l d  systems and t o  d e l i v e r  t o  NASA LeRC two s e l e c t e d  
systems t o g e t h e r  w i t h  a cold-sink ca lo r ime te r .  This e f f o r t  
c o n s i s t s  of  two b a s i c  t a s k s :  
* Conceptual Design and A n a l y t i c a l  Evaluat ion of 
Shadow S h i e l d  Sys t e m s  
e T e s t  Apparatus Design and Fabr i ca t ion  of Thermal 
Sca le  Models of Two Se lec t ed  Systems 
The I n t e r i m  Report on t h e  s u b j e c t  c o n t r a c t  (Ref 1 )  sum- 
marizes t h e  work which has  been accomplished i n  t h e  conceptual 
des ign  and e v a l u a t i o n  of s i x  concepts which u t i l i z e  shadow 
s h i e l d i n g  techniques t o  reduce t h e  h e a t  flow t o  an LH2 tank com- 
p r i s i n g  p a r t  of a solar-vector-or iented spacec ra f t .  The 
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eva lua t ion  w a s  based on t o t a l  system weight (defined as the  
weight of t h e  shadow s h i e l d  system p l u s  t h e  weight of  vaporized 
p r o p e l l a n t  due t o  h e a t  l e a k s  f o r  o p e r a t i o n a l  per iods up t o  
10,000 hours) and t h e  inhe ren t  r e l i a b i l i t y  based on mechanical 
and ope ra t ion  complexity. The concepts evaluated included: 
Space-erectable systems 
e Ground-erected ( f ixed )  systems 
0 Systems which provide f o r  solar-vector  misalignment 
The v e h i c l e  chosen as a r e p r e s e n t a t i v e  conf igu ra t ion  f o r  
t he  s tudy w a s  t e n  feet i n  diameter w i th  an 1160-pound capaci ty  
LH tank suspended w i t h i n  t h e  v e h i c l e  s t r u c t u r e .  The tank w a s  
a nine-foot-diameter o b l a t e  spheroid and weighed 200 pounds a 
The v e h i c l e  s t r u c t u r e  (between t h e  LH2 tank and payload) used 
t o  transmit t h e  t h r u s t  loads of lower s t a g e s  and i n e r t i a  l oads  
of  t h e  LH 
were placed between the payload and LH2 tank. 
assumed t o  b e  a t  a cons t an t  temperature of 520R (288K) with a 
mass of e i t h e r  1500, 2500 o r  4000 l b s .  
2 
tank w a s  an open-frame t r u s s ,  and t h e  shadow s h i e l d s  2 
The payload w a s  
This r e p o r t  dea l s  w i t h  t h e  design and f a b r i c a t i o n  of t h e  
shadow s h i e l d  systems s e l e c t e d  by NASA f o r  use i n  a test  program 
t o  eva lua te  t h e  e f f e c t i v e n e s s  of shadow s h i e l d  systems f o r  ther- 
m a l  p r o t e c t i o n  of  p r o p e l l a n t s .  
2 
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2.0 BACKGROUND 
The b a s i c  concept of u t i l i z i n g  shadow s h i e l d s  t o  p r o t e c t  
payloads o r  cryogenic s t o r a g e  vessels has  been discussed i n  the.  
l i t e r a t u r e  f o r  a number of d i f f e r e n t  missions inc luding  s o l a r  
probes,  l una r  and p l ane ta ry  o r b i t e r s ,  etc. A considerable  por- 
t i o n  of t he  l i t e r a t u r e  on shadow s h i e l d  systems has been devoted 
t o  shadow s h i e l d  systems which are used t o  i n t e r c e p t  s o l a r  
e n e r g y - t h e  main source  of h e a t  f o r  extended dura t ion  in t e rp l an -  
e t a r y  missions--by use  of  space-erected (mechanical o r  i n f l a t a b l e )  
shadow s h i e l d s .  The shadow s h i e l d s  i n  such cases  are loca ted  
i n  f r o n t  of t h e  o r i e n t e d  payload t o  be  p ro tec t ed  s o  as t o  i n t e r -  
cep t  t h e  co l l imated  s o l a r  energy and r e r a d i a t e  t h e  major f r ac -  
t i o n  of the  i n t e r c e p t e d  energy t o  o u t e r  space.  A space-erected 
s o l a r  s h i e l d  w a s  u t i l i z e d  on the  recent  Mariner Venus 6 7  space- 
c r a f t  t o  minimize t h e  e f f e c t s  of t he  change i n  s o l a r  i n t e n s i t y  
which occur  i n  the  Earth-Venus t r a j e c t o r y .  
The p resen t  s tudy  is  d i r e c t e d  (by con t r ac t )  t o  shadow s h i e l d  
systems f o r  reducing t h e  hea t  flow between a payload, whose tem-  
p e r a t u r e  is  c o n t r o l l e d  t o  a f i x e d  level, and an LH s to rage  tank. 
I n  t h i s  s i t u a t i o n ,  t h e  s t a g e  is  o r i e n t e d  so  that the  payload 
faces  t h e  sun and t h e  shadow s h i e l d s  are in te rposed  between t h e  
payload and t h e  LH2 s t o r a g e  vesse l .  The shadow s h i e l d s  are used 
t o  p r o t e c t  t h e  LH2 tank from thermal r a d i a t i o n  emanating from 
t h e  payloa4  and t h e  payload i n  e f f e c t  thus becomes the  shadow 
s h i e l d  which i n t e r c e p t s  t h e  i n c i d e n t  s o l a r  energy. 
2 
The concept of shadow sh ie ld ing  an LH2 tank from payload 
r a d i a t i o n  i n  the  manner descr ibed above i s  discussed i n  Ref. 2. 
This pre l iminary  a n a l y t i c a l  s tudy showed t h a t  a few spaced shadow 
s h i e l d s  of low emit tance could be  used t o  e l imina te  any h e a t  
leakage by r a d i a t i o n  from a room-temperature payload t o  an LH2 
tank. The advantages of using shadow s h i e l d  systems as opposed 
t o  t h e  use of mul t i l aye r  i n s u l a t i o n s  and the  problem and appl i -  
c a t i o n  areas f o r  l igh tweight  thermal p r o t e c t i o n  systems were 
d i s  cussed 
3 
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More r ecen t  p u b l i c a t i o n s  (Refs. 3 and 4 )  p r e s e n t  t he  r e s u l t s  of 
a combined a n a l y t i c a l  and experimental  s tudy of  t h e  e f f e c t i v e -  
ness  of  mul t ip l e ,  f l a t - p l a t e  shadow s h i e l d s .  T e s t s  were made 
on a shadow s h i e l d  system using a 12.75-inch-diameter LN2 tank 
as a ca lo r ime te r  and a h e a t e r  p l a t e  ( t o  s imula t e  a payload) 
whose temperature could b e  c o n t r o l l e d  ap t o  approximately 800R. 
The test r e s u l t s  agreed reasonably w e l l  w i th  a n a l y t i c a l  predic-  
t i o n s ,  and provided an i n d i c a t i o n  of t he  thermal i n t e r a c t i o n  
between t h e  shadow s h i e l d s  and t h e i r  suppor t ing  s t r u c t u r e .  The 
r e s u l t s  of  prel iminary design s t u d i e s  f o r  a shadow-shielded, 
7000-lb., hydrogen-oxygen s t a g e  having a mission du ra t ion  of  200 
days were a l s o  presented.  I n  t h i s  s tudy a sun-oriented payload 
w a s  maintained a t  530R, and t h e r e  w a s  a 1-foot spacing between 
t h e  payload and LH2 tank. The r e s u l t s  showed t h a t  t h e  LH2 bo i l -  
o f f  due t o  support  conduction could be  apprec i ab le  and i n d i c a t e d  
t h e  need f o r  a d d i t i o n a l  work t o  reduce t h a t  component of system 
mass penal ty .  It w a s  a l s o  concluded t h a t  shadow s h i e l d  systems 
o f f e r  p o t e n t i a l  weight savings f o r  t h e  s t o r a g e  of cryogens dur- 
i n g  long-term missions,  i n  comparison t o  systems where the  vehi- 
cle i s  o r i e n t e d  and mul t i l aye r  i n s u l a t i o n  ("super in su la t ion" )  
i s  used f o r  thermal p ro tec t ion .  
The work undertaken i n  t h i s  c o n t r a c t  i s  an extension of t he  
work descr ibed i n  Refs. 3 and 4 .  Considerable e f f o r t  was  devoted t o  
a d e t a i l e d  op t imiza t ion  s tudy of f l i g h t - t y p e  thermal p r o t e c t i o n  
systems which included t h e  fol lowing important va r i ab le s :  
* Tank-to-payload spacing dimensions 
0 Shadow s h i e l d  system c h a r a c t e r i s t i c s  
Surface o p t i c a l  p r o p e r t i e s  
Number of s h i e l d s  
Location and attachment 
Shape 
a S t r u c t u r a l  supports  
Materials 
Configuration 
Surface o p t i c a l  p r o p e r t i e s  
Improved cool ing methods 
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The r e s u l t s  of t h e  conceptual design and a n a l y s i s  phase of 
t he  c o n t r a c t  (Ref. 1 )  demonstrated t h a t  shadow s h i e l d  systems 
with f i x e d  payload support  s t r u c t u r e s  could be  designed t o  have 
a s m a l l  mass pena l ty  and a small payload-to-tank spacing. The 
LH2 bo i l -o f f  mass f o r  compact, f i x e d - s t r u c t u r e  concepts can be 
made s m a l l  by: 1) using several low-emittance, low-conductance, 
c i r c u l a r  shadow s h i e l d s  a p p r o p r i a t e l y  spaced between t h e  payload 
and LH2 tank t o  reduce t h e  r a d i a n t  h e a t  flow t o  t h e  LH2 tank,  
and 2) properly s e l e c t i n g  t h e  conf igu ra t ion ,  materials and ther- 
m a l  c o n t r o l  coa t ings  f o r  r a d i a t i v e l y  cooled s t r u c t u r a l  suppor t s  
t o  reduce t h e  conductive h e a t  flow t o  t h e  LH2 tank. 
Figure 1 i l l u s t r a t e s  a t y p i c a l  hydrogen-oxygen upper-stage 
conf igu ra t ion  i n  which a shadow s h i e l d  system could be  incorpo- 
r a t e d  f o r  thermal p r o t e c t i o n  of t h e  LH2 tank. 
show t h e  arrangement of two of t h e  most promising shadow s h i e l d  
concepts eva lua ted  i n  Ref. 1 ( t h e  LOX tankage and engine are 
omit ted from t h e s e  i l l u s t r a t i o n s  f o r  c l a r i t y ) .  Both concepts 
comprise a system of low-emittance shadow s h i e l d s  in t e rposed  
between a 10-foot-diameter payload and a 9-foot-diameter LH2 
tank. The two concepts d i f f e r  i n  t h e  number and spacing o f  
s h i e l d s  and the  number, s ize  and materials of cons t ruc t ion  used 
f o r  t h e  radiat ion-cooled s t r u c t u r a l  supports .  The d i f f e r e n c e s  
r e s u l t  from an op t imiza t ion  based on minimizing t h e  t o t a l  m a s s  
pena l ty  (mass of t h e  shadow s h i e l d  system inc lud ing  suppor t s  
between t h e  payload and LH2 tank p l u s  t h e  mass of LH2 bo i l -o f f )  
f o r  a 10,000-hour sun-oriented mission. 
Figures 2 and 3 
The system shown i n  Figure 2 has a n  L/D of 0.15 and in-  
c ludes t h r e e  in t e rmed ia t e  shadow s h i e l d s  and a "Warren t r u s s "  
s t r u c t u r e  having 16 f ibe r -g l a s s  supports  (2" OD x 0.030" w a l l  
t h i ckness ) .  
i nc ludes  2 shadow s h i e l d s  and a "Warren t r u s s "  s t r u c t u r e  having 
12 t i t a n i u m  (6AL-4V) supports  (2" OD x 0.017'' w a l l ) .  
* 
The system shown i n  Figure 3 has  an L/D of 0 ,25 and 
* 
L/D is  def ined as t h e  d i s t a n c e  between t h e  payload and LH2 
tank divided by t h e  payload diameter.  
5 
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FIGURE 2 FIXED STRUCTURE, FIXED SHADOW SHIELDS 
L/D = 0.15 
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FIGURE 3 FIXED STRUCTURE, FIXED SHADOW SHIELDS 
L/D = 0.25 
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The r e s u l t s  of  t he  a n a l y s i s  presented  i n  Ref. 1 showed t h a t  
both systems would r e s u l t  i n  an LH2 boi l -of f  during the  10,000- 
hour sun-oriented po r t ion  of t h e  mission which is  small by com- 
pa r i son  t o  t h e  es t imated  boi l -of f  during a scen t  and ear th-  
o r b i t  a1 ope rat ion  
Based on these  concepts NASA LeRC def ined t h e  fol lowing 
two pro to type  shadow s h i e l d  systems which would be used as a 
b a s i s  f o r  f a b r i c a t i n g  reduced-scale models 
1. Simulated LH Tank 2- 
Diameter = 9 '  
2. Pavload Simulator 
Payload s imula to r  (approx. 10 '  d ia . )  with h e a t e r s  
f o r  a d j u s t i n g  t h e  payload temperature between 
520'R and 750'R. 
3. Warren-Truss Support S t r u c t u r e  
a )  Concept 1 - 1 2  3" OD f ibe r -g l a s s  s t r u t s .  
b) Concept 2 - 12 3" OD t i t an ium s t r u t s .  
4 .  Shadow Shie ld  
Two double-sheeted shadow s h i e l d s  loca t ed  
between t h e  payload and LH2 tank. 
5. Tank Support Cone 
A suppor t  cone approximately 8" i n  length  
l o c a t e d  between the  LH2 tank and te rmina t ion  
of  t h e  t r u s s  support  s t r u c t u r e .  
The requirements of t h e  c o n t r a c t  included the  fol lowing 
s p e c i f i c a t i o n s  f o r  t h e  thermal modeling and f a b r i c a t i o n  of t h e  
reduced-scale shadow s h i e l d  system. 
1. Modeling Ap.proach 
a )  Provide f o r  temperature p re se rva t ion  i n  
model and prototype.  
9 
2. 
b) Use i d e n t i c a l  emittances i n  model and 
pro t o  type. 
c) Use i d e n t i c a l  materials i n  model and 
prototype.  
d) D i s t o r t  minor dimensions ( t u b u l a r  t r u s s  
w a l l  th ickness)  t o  p re se rve  as c lose ly  
as p o s s i b l e  t h e  conductive h e a t  flow. 
Fabr i ca t ion  Requirements 
The payload s imula to r  s h a l l  have a capa- 
b i l i t y  of being maintained a t  tempera- 
t u r e s  from 520-750'F. 
The twelve support  tubes f o r  each con- 
cept  used t o  s imula t e  t h e  Warren t r u s s  
s h a l l  b e  arranged p a r a l l e l  t o  t h e  tank- 
payload c e n t e r l i n e  and s h a l l  b e  36" i n  
l eng th .  
F ive  interchangeable  temperature- 
instrumented, double-sheeted shadow 
s h i e l d s  s h a l l  be  provided. Each shadow 
s h i e l d  s t r u c t u r e  s h a l l  b e  equipped w i t h  
two sets of  i n s e r t s  f o r  a t t a c h i n g  t h e  
s h i e l d  support  s t r u c t u r e  t o  support  
tubes.  One set  s h a l l  have high thermal 
conduc t iv i ty  (me ta l l i c )  and t h e  o t h e r  
a low conduct ivi ty  (non-metallic) t o  
a l low f o r  a l t e r i n g  t h e  thermal bond 
between t h e  s h i e l d  and support  tubes.  
P rov i s ions  s h a l l  b e  made f o r  varying 
t h e  spacing of t h e  s h i e l d s .  
The tank support  cone s h a l l  b e  designed 
s o  t h a t  t h e  support  can be  v a r i e d  i n  
l o c a t i o n  along the  l eng th  of t h e  cy l ind r i -  
cal  p o r t i o n  of  t h e  4 '  d ia .  GFE ca lo r ime te r  
10  Arthur D Little, Inc. 
tank used t o  s imula t e  t h e  p ro to type  LH2 
tank. 
provided between t h e  support  and tank. 
A good thermal bond s h a l l  b e  
The fol lowing s e c t i o n s  of t h i s  r e p o r t  desc r ibe  t h e  approach 
used i n  designing the experimental  reduced-scale shadow s h i e l d  
systems and t h e  d e t a i l s  of t h e  system design. 
11 
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3.0  THERMAL SCALING AND DESIGN O F  EXPERIMENTAL SHADOW SHIELD 
SYSTEM 
There are several a l ternat ive techniques f o r  p re se rv ing  
thermal s i m i l i t u d e  i n  model and prototype.  
i s  t o  make t h e  temperatures i n  t h e  model and prototype be iden- 
t ical  a t  homologous l o c a t i o n s  
The most appropr i a t e  
We d e f i n e  a s c a l i n g  r a t i o  based 





R = -  
I n  t h i s  case t h e  s c a l i n g  r a t i o  would 
ters of model and prototype,  - 4 f t .  
on some c h a r a c t e r i s t i c  
b e  based on t h e  tank diame- 
and 9 f t . ,  r e spec t ive ly .  
I f  w e  geometr ical ly  scale a l l  o t h e r  major dimensions (payload 
diameter,  t r u s s  l e n g t h ,  e t c . ) ,  i t  can b e  shown t h a t  t h e  follow- 
i n g  r e l a t i o n s h i p s  exist when the  temperatures are made i d e n t i c a l  
i n  model and p ro to type  at  s t eady- s t a t e  thermal condi t ions.  
E =  E 
m P 
2 
4, = R qp ( 4 )  
where 
E - emit tance 
q - rate of h e a t  flow (Btu/hr) 
A - area ( f t  ) 
R - scale r a t i o  
2 
I n  a d d i t i o n  t o  t h e s e  equat ions,  i t  i s  necessary t o  consider  t he  
s i m i l i t u d e  r e l a t i o n  f o r  conductive h e a t  flow i n  t h e  t r u s s  sup- 
p o r t s  and tank support  sk i r t .  When t h e  conductive h e a t  flow is 
e i t h e r  one o r  two-dimensional--which i s  t h e  case i n  t h e  p r e s e n t  
design-- t h e  appropr i a t e  s c a l i n g  r e l a t i o n s h i p  where t h e  thermal 
1 2  
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conduct iv i ty  i s  a s t rong  func t ion  of temperature is: 
= R 2 E  6 




a - a r b i t r a r y  exponent 
T - temperature 
k - thermal conduct iv i ty  
and 6 i s  t h e  th ickness  of t he  conductive path.  
I n  cases where t h e  thermal conduct iv i ty  is  a s t rong  func- 
t i o n  of temperature and the  temperature ranges l a r g e ,  i t  i s  neces- 
s a r y  t o  use i d e n t i c a l  materials i n  model and prototype.  
Equation (5) becomes : 
Thus, 
2 6 m = R 6  
P 
(7) 
For s c a l i n g  t h e  conductive h e a t  flow component, one can there-  
f o r e  use d i s t o r t i o n s  on the  minor dimensions i n  accordance wi th  
t h e  above equat ion.  For example, i n  a thin-walled,  t ubu la r  
t r u s s ,  wi th  f i x e d  end temperatures and t h e  tube conducting h e a t  
a long i t s  length  and the  s u r f a c e  r a d i a t i n g  t o  space,  t he  ou t s ide  
diameter could be sca l ed  i n  accordance wi th  Eq. (l), t h e  w a l l  
th ickness  i n  accordance wi th  Equa. (7). I f  i d e n t i c a l  materials 
and emit tances  were used i n  model and pro to type ,  t h e  temperature 
d i s t r i b u t i o n s  i n  model and pro to type  would be i d e n t i c a l ;  and 
t h e  h e a t  flow rates would s c a l e  i n  accordance wi th  Eq. ( 4 ) .  
It is  concluded t h a t  t h e  b e s t  approach t o  modeling t h e  
shadow s h i e l d  des ign  a t  4/9 o v e r a l l  scale would involve t h e  
fol lowing : 
e Provide f o r  temperature p re se rva t ion  i n  model and 
pro to type  
0 U s e  i d e n t i c a l  emit tances  i n  model and prototype.  
13 
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e U s e  i d e n t i c a l  materials, i f  p o s s i b l e ,  i n  model 
and pro to type  ( t i t an ium and f ibe r -g l a s s  t r u s s  
suppor ts )  e 
0 D i s t o r t  t h e  minor dimensions ( tubu la r  t r u s s  
w a l l  th ickness)  t o  preserve  as c lose ly  as 
poss ib l e  t h e  conductive hea t  flow. I n  t h i s  
i n s t a n c e ,  t h e  al lowable d i s t o r t i o n  is  l i m i t e d  
by commercially a v a i l a b l e  tube s izes  
e If necessary ,  a l te r  t h e  number of t r u s s  sup- 
p o r t s  i n  model and prototype.  
Sca l ing  t h e  r a d i a t i v e  hea t  f l uxes  through the  shadow s h i e l d s  
can be  accomplished because t h e  shadow s h i e l d  material i n  t h e  
model can b e  made i d e n t i c a l  t o  t h a t  s p e c i f i e d  f o r  t h e  prototype 
design. 
Mylar laminate  is  extremely small; t h e r e f o r e ,  the  r a d i a l  t e m -  
pe ra tu re  d i s t r i b u t i o n s  w i l l  no t  be  a l t e r e d  because the  same 
th ickness  of material is used i n  model and pro to type  spec i f i ca -  
t i on .  The su r face  emit tances  of t he  tubu la r  t r u s s  can be e a s i l y  
made i d e n t i c a l  t o  those  s p e c i f i e d  f o r  t he  prototype design. 
The r a d i a l  conductance of t he  aluminized Mylar-nylon- 
The primary problem i n  s c a l i n g  t h e  conductive components 
of h e a t  l e a k  t o  the  cryogenic tank from t h e  payload via t h e  
support  t r u s s  is  t h a t  t he  two proto type  designs s p e c i f i e d  by 
NASA LeRC involve t h e  use of low-conductivity,  thin-walled 
tub ing  of f ibe r -g l a s s  and t i t an ium,  r e spec t ive ly .  Tubing of  any 
des i r ed  OD and w a l l  th ickness  i n  these  materials is  not  commer- 
c i a l l y  a v a i l a b l e ;  and, t h e r e f o r e ,  non-scaled e f f e c t s  w i l l  be  
introduced because of material s i z e  l i m i t a t i o n s .  
the  t o t a l  h e a t  l e a k  t o  the  cryogen via these  supports  i s  expected 
t o  be  extremely small s o  t h a t  e r r o r s  introduced by imperfect  
s c a l i n g  are not  p a r t i c u l a r l y  important ,  provided t h a t  t he  sup- 
p o r t s  can b e  instrumented with thermocouples and t h e  temperatures 
compared wi th  t h e o r e t i c a l  p red ic t ions  
For tuna te ly ,  
1 4  
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The p a r t i c u l a r  problem common t o  t h e  model design of both 
concepts i s  t h a t  t h e  t o t a l  conductive h e a t  flow t o  the  model 
ca lor imeter  s imula t ing  the  LH2 tank w i l l  be l a r g e r  than des i red .  
because of tube w a l l  th ickness  l i m i t a t i o n s .  
The tank support  cone in t roduces  a s m a l l  a d d i t i o n a l  thermal 
r e s i s t a n c e  i n  series wi th  t h e  tubu la r  support  s t r u c t u r e .  P r e c i s e  
s c a l i n g  of t h i s  s t r u c t u r e  would r e s u l t  i n  very t h i n  w a l l  th ick-  
nesses  which are imprac t i ca l  t o  f a b r i c a t e .  Previous s t u d i e s  
have shown t h a t  t h e  thermal r e s i s t a n c e  of t h e  tank support  
s t r u c t u r e  has  a n e g l i g i b l e  e f f e c t  on t h e  conductive h e a t  l e a k ,  
and f o r  t h a t  reason t h e  system need no t  be sca led .  
I n  Table 1, a summary of t h e  conductive hea t  l eak  i n  t h e  
support  s t r u c t u r e  f o r  t he  pro to type  systems i s  compared wi th  the  
ca l cu la t ed  h e a t  l e a k  f o r  both an exact scale and a non-scaled 
model which i s  based on t h e  u t i l i z a t i o n  of a v a i l a b l e  materials. 
It can be  seen  t h a t  the  e r r o r  introduced by imperfect  s c a l i n g  
of t h e  f ibe r -g l a s s  s t r u t s  r e s u l t s  i n  a conductive hea t  flow 
approximately an o r d e r  of magnitude l a r g e r  than an exact-scale  
model. However, t h e  conductive h e a t  flow i s  extremely s m a l l  
(0.016 Btu/hr)  and is  most l i k e l y  smaller than t h e  r e s o l u t i o n  of 
t h e  ins t rumenta t ion  used i n  measuring t h e  boi l -of f  i n  t h e  experi- 
mental  apparatus .  
of t h e  t i t an ium suppor t  tube  s t r u c t u r e  r e s u l t s  i n  a conductive 
h e a t  flow approximately 16 t i m e s  greater than exac t  s c a l e .  The 
magnitude of t he  h e a t  flow i s  approximately 1 Btu/hr  and, aga in ,  
w i l l  b e  s m a l l  by comparison t o  measurement accuracy. 
The e r r o r  introduced by t h e  imperfect s c a l i n g  
* 
* 
For re ference ,  t h e  4' tank ca lor imeter  has  been previous ly  used 
for mul t i l aye r  i n s u l a t i o n  s t u d i e s .  The lowest boi l -off  (hea t  
flaw) rate measured f o r  any systems (between 300 and 77'K) w a s  
approximately an o rde r  of magnitude h igher  than t h e  hea t  flow 
rates above. 
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TABLE 1 
SUPPORT TUBE HEAT LEAKS FOR SCALE MODEL SYSTEMS 
( E f f e c t i v e  L /D of prototype t r u s s  = -32 and 
tank-payload spacing of 12.0 inches)  
Concept 1 - Fiber-Glass Supports 
‘model (non-scale) ‘model 
‘model (exact-scale) (B t u /h r )  
- N OD ( i n )  6 ( i n )  
Pro t o  type 
(Nema G-10) 1 2  3 0.034 
Exact Sca le  
Model 12 1.33 0.0067 
Non-scaled 
Model 
(Nema (2-10) 12 0.875 0.015 
Concept 2 
Pro t o  type 
(6A1-4V T i )  12 3 0.017 
Exact Scale 
Model 
(6A1-4V T i )  1 2  1.33 0.0033 
Non-scaled 
Model 
(6A1-4V T i )  1 2  0.875 0.015 
where N - number of supports  
6 - w a l l  th ickness  
q - rate of  h e a t  flow (Btu/hr) 
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I n  summary, t h e  scaled-down models were designed as fol lows:  
1. I d e n t i c a l  shadow s h i e l d  materials and emit tances  
were used i n  the  prototype.  
2. The f ibe r -g l a s s  and t i t an ium support  tubes were 
imperfec t ly  sca l ed  due t o  material a v a i l a b i l i t y  
cons idera t ions .  The e r r o r s  in t roduced  are ex- 
pec ted  t o  be  s m a l l  wi th  r e spec t  t o  h e a t  flow 
me as uremen t accuracy e 
3. The tank suppor t  cone w a s  no t  s c a l e d  because 
t h e  thermal r e s i s t a n c e  does no t  s i g n i f i c a n t l y  
i n f l u e n c e  the  t o t a l  h e a t  flow t o  t h e  s imulated 
LH2 tank. 
17 
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4.0 DESCRIPTION OF EXPERIMENTAL SHADOW SHIELD SYSTEM 
4 . 1  Shadow S h i e l d  and Cryoshroud Configuration 
The o v e r a l l  arrangement of t h e  shadow s h i e l d  system, 
t h e  ca lo r ime te r  tank which w i l l  be used as a co ld  s i n k ,  and the  
8'-diameter cryoshroud are shown i n  F igu re  4 .  
perimental  apparatus  w i l l  be mounted i n  a l a r g e  vacuum chamber 
a t  NASA Plumbrook S t a t i o n  f o r  t he  experiments. 
The entire ex- 
The ca lo r ime te r  tank co ld  s i n k ,  equipped with appro- 
p r i a t e  guarding system f o r  t h e  f i l l ,  ven t  and support  l i n e s  w i l l  
be used f o r  measurements of h e a t  flow by measuring t h e  boi l -off  
rate of l i q u i d  n i t rogen .  The e x t e r i o r  of t he  tank w i l l  be  
covered with a low-emittance su r face .  
The 8'-diameter cryoshroud w a s  designed t o  ope ra t e  
wi th  l i q u i d  hydrogen as a coolant t o  provide a low-temperature 
"black" h e a t  s i n k  f o r  t h e  shadow s h i e l d  system. 
f o u r  annular  LH2-coo1ed b a f f l e s  which can be ad jus t ed  t o  l i n e  
up w i t h  the  shadow s h i e l d s  and payload s imula to r  are provided t o  
minimize t h e  i n t e r - r e f l e c t i o n s  between s h i e l d s .  This require-  
ment is  brought about by t h e  extremely s m a l l  h e a t  f l uxes  which 
can b e  a t t a i n e d  i n  a shadow s h i e l d  system. 
from t h e  room-temperature ( o r  above) payload s imula to r  is trapped 
by t h e  cav i ty  between the  lowermost two b a f f l e s  adjacent  t o  the 
payload s imula to r  and f i r s t  shadow s h i e l d ,  thus prevent ing t h e  
room-temperature r a d i a t i o n  from impinging on t h e  second shadow 
s h i e l d ,  etc. A l l  i n t e r i o r  su r f aces  of t h e  cryoshroud and the  
b a f f l e  su r faces  were p a i n t e d  wi th  "3M" Nextel Black Velvet (401 
series) . 
A system of 
Radiation emanating 
* 
As shown i n  Figure 4,  t he  s h i e l d  system i s  a d j u s t a b l e  
s o  t h a t  t he  tank-payload s imula to r  and t h e  number of s h i e l d s  
can b e  va r i ed .  The maximum L/D (payload-tank spacing divided by 
t h e  diameter of t h e  payload is  approximately 0.5. 
* 
Product of Minnesota Mining & Manufacturing Co. 
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OUD AND SHADOW S 
19 
8 Dia. LH Cooled 
Cry oshrod 
.- Shadow Shield 
Assemblies 
-Payload Simulator 
- Shadow Shield 
Support Strurs (12) 
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An assembly drawing (7005-004) which i l l u s t r a t e s  t h e  
d e t a i l s  of t h e  support  s k i r t ,  s t r u c t u r a l  tubes,  payload simula- 
t o r  and h e a t e r s ,  and t h e  attachment of t h e  shadow s h i e l d s  i s  
included i n  Appendix A. 
4 2 Payload Simulator  
The payload s imula to r  (53 1/2" OD) i s  designed t o  pro- 
v ide  a v a r i a b l e  temperature source t o  s imula t e  a payload operat-  
i n g  between 520 and 750"R. The payload s imula to r  is  1/8" t h i c k ,  
6061-T6 aluminum which is pol ished t o  have a low-emit tance 
(0.027) s u r f a c e  f a c i n g  t h e  shadow s h i e l d s .  A system of e i g h t  
e lec t r ica l  r e s i s t a n c e  h e a t e r s  i s  bonded t o  t h e  back s i d e  of t he  
s t i f f e n e d  p l a t e .  
shown i n  Appendix A,  (Dwg. 7005-006). 
The d e t a i l s  of t he  payload s imula to r  are 
The d e t a i l s  of t he  payload s imula to r  h e a t e r s  and s t r u t  
a t t a c h  p o i n t s  are shown i n  Figure 5 .  Two h e a t e r s ,  each of ap- 
proximately equal  area, are used i n  each 90" segment. 
h e a t e r  conf igu ra t ion  w a s  chosen s o  t h a t  r a d i a l  temperature 
g rad ien t s  i n  the  payload s imula to r  could be  minimized by separ- 
a t e l y  c o n t r o l l i n g  t h e  h e a t e r  power. Each of t h e  e i g h t  h e a t e r  
elements w a s  designed t o  d i s s i p a t e  a maximum of approximately 500 
w a t t s  which would provide a m a x i m u m  payload s imula to r  tempera- 
t u r e  of approximately 800'R wi th  one s i d e  pa in t ed  t o  have a high 
emittance.  The d e t a i l s  of t h e  h e a t e r  conf igu ra t ion  are a l s o  
presented i n  Appendix A (Dwg. 7005-020). 
This 
4.3 Shadow Sh ie lds  
Five double-sheeted shadow s h i e l d  assemblies w e r e  de- 
s igned and f a b r i c a t e d .  The shadow s h i e l d  assembly (Appendix A, 
Dwg. 7005-005) c o n s i s t s  of a 53 1/2" OD r o l l e d  aluminum channel 
r i n g  (3 /4  x 3/4 x 1/8") t o  which the  twelve s t r u t  mounting 
blocks are a t t ached .  The channel, which i s  po l i shed  t o  have a 
low emit tance,  serves t o  support  t h e  shadow s h i e l d  f a b r i c  and 
20 
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p o s i t i o n  t h e  s t r u t  mounting blocks s o  t h a t  each s h i e l d  i s  i n t e r -  
changeable. (The aluminum channel w a s  po l i shed  t o  have a low 
emit tance f o r  i n i t i a l  tests a t  NASA LeRC. Actual ly ,  t h e  per- 
formance of a shadow s h i e l d  system can b e  improved, i .e.  $ t h e  
h e a t  l e a k  t o  t h e  cryogen reduced, by u t i l i z i n g  a high-emittance 
s u r f a c e  on t h e  s h i e l d  suppor t s .  Future  p l ans  f o r  t e s t i n g  a t  
NASA LeRC inc lude  p a i n t i n g  the  channel t o  have a high emit tance 
and comparing t h e  system h e a t  l e a k  f o r  t h e  high and low-emit- 
tance s u r f a c e s . )  
Figures  6 and 7 i l lust ra te  t h e  o v e r a l l  con f igu ra t ion  
of a s h i e l d  assembly and t h e  d e t a i l s  of t h e  method of l a c i n g  the  
shadow s h i e l d  t o  t h e  support  r ing.  Each shadow s h i e l d  assembly 
c o n s i s t s  of two i d e n t i c a l  s h i e l d s  l a c e d  t o  t h e  s h i e l d  r i n g  by a 
system of grommets and 0.010"-diameter s t a i n l e s s  steel w i r e .  
Each s h i e l d  i s  an aluminized Mylar--rip-stop nylon fabric--  
aluminized Mylar laminate.  The 1/2--mil, aluminized Mylar i s  
a p p l i e d  t o  t h e  1.5 oz/yd nylon f a b r i c  w i th  t h e  aluminized siae 
f a c i n g  outward. Thus, each s h i e l d  assembly has  two s h i e l d s  and 
f o u r  low-emittance s u r f a c e s .  
* 
2 
The i n s i d e  s u r f a c e  of one s h i e l d  of  each of t h e  f i v e  
shadow s h i e l d  assemblies i s  equipped w i t h  s ix  1/40 3-mil copper- 
constantan thermocouples on r a d i i  of 10,  18, and 23 inches t o  
measure the  r a d i a l  temperature g r a d i e n t s  i n  t h e  s h i e l d s .  The 
thermocouples were app l i ed  wi th  a double-sided adhesive t ape  and 
covered wi th  an aluminized tape t o  p re se rve  t h e  low-emittance 
s h i e l d  su r face .  The thermocouple l e a d  w i r e s  exi t  between t h e  
s h i e l d  f a b r i c  and channel r i n g  as shown i n  Figure 7. 
pads shown i n  Figure 7 are used t o  p r o t e c t  t h e  small-diameter 
l e a d  w i r e s  during shipment and w i l l  n o t  b e  a p a r t  of t h e  ex- 
per imental  apparatus . )  
(The foam 
4 , 4  Support S t r u t s  
T w e l v e  c y l i n d r i c a l  support  s t r u t s ,  each 35 5/8" long, 
are r equ i r ed  t o  p o s i t i o n  t h e  payload s i m u l a t o r  and s h i e l d s  rela- 
tive t o  the  ca lo r ime te r  tank. Two complete sets of t ubu la r  
* 
Product of G. T. Sch je ldah l  Co. 
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support  s t r u t s  of similar dimensions (7/8 OD x 0.015 W.T) were 
f ab r i ca t ed .  One set  w a s  N e m a  G-10 f i be r -g l a s s ;  t h e  o t h e r  w a s  
6A1-4V t i t an ium (Appendix A, Dwgs. 7005-009, 7005-010). 
A photograph of t h e  two types of support  s t r u t s  i s  
shown i n  Figure 8. The f ibe r -g l a s s  s t r u t  w a s  equipped with a 
threaded s t u d  f o r  attachment t o  t h e  support  r i n g  and t h e  t i t a n -  
ium support  s t r u t  w a s  equipped w i t h  a threaded plug. 
Each s t r u t  w a s  covered over  180' of t h e  tube circum- 
f e rence  with aluminized Mylar (aluminum s i d e  ou t )  and painted 
with 3 M  Nextel  Black Velvet over t h e  remaining 180". 
emit tance over h a l f  t h e  circumference which f aces  r a d i a l l y  in -  
ward ( i . e . ,  toward t h e  c e n t e r l i n e  between t h e  payload s imulator  
and co ld  s ink )  and a high emit tance over t h e  remaining p o r t i o n  
which f aces  deep-space r e s u l t s  i n  r a d i a t i v e  cool ing of t h e  sup- 
p o r t  s t r u c t u r e  thereby reducing t h e  conductive h e a t  l e a k  from 
t h e  payload t o  t h e  cryogenic tank.  It a l s o  minimizes t h e  sh i e ld -  
s t r u t  r a d i a t i v e  i n t e r a c t i o n .  
A low 
To minimize t h e  axial  h e a t  flow i n  t h e  support  s t r u t s  
by r a d i a t i o n  without  m a t e r i a l l y  a f f e c t i n g  t h e  a x i a l  conduction, 
each tube w a s  f i l l e d  with a 2 l b / f t  foam. 3 
For purposes of varying t h e  thermal conductance be- 
tween t h e  support  s t r u t s  and t h e  shadow s h i e l d  r i n g s ,  two sets 
of i n s e r t s  f o r  each s h i e l d  assembly were f a b r i c a t e d .  The i n s e r t s  
are c y l i n d r i c a l  (1.12 OD x 0.25 W.T x 0.69 long) and f i t  between 
t h e  o u t s i d e  diameter of t h e  support  tube and t h e  i n s i d e  diameter 
of the support  blocks a t t ached  t o  t h e  shadow s h i e l d  r i m s  (Ap- 
pendix A,  Dwg. 7005-011). One set w a s  f a b r i c a t e d  from 6061- 
aluminum, t h e  o t h e r  from micarta. 
4.5 Support S k i r t  
The aluminum support  s k i r t  used t o  j o i n  t h e  twelve 
support  tubes t o  t h e  c y l i n d r i c a l  p o r t i o n  of t h e  cold-sink calo- 
rimeter tank i s  shown i n  Figure 9 ( f o r  d e t a i l s  see Appendix A ,  
Dwg. 7005-007). The support  s k i r t  i s  made from 0,02O"-thick 
3003 aluminum and i s  designed t o  clamp around t h e  per iphery of 
26 
Arthur D Little, Inc 
(14 
27 
Arthur D Little, Inc 
t h e  copper co ld  s ink .  A 1 1/4" 6063 aluminum angle  r i v e t e d  t o  
t h e  0.020f'-thick s k i r t  i s  used as an attachment member f o r  t he  
twelve support  s t r u t s .  
a l o w  emit tance.  The o v e r a l l  l ength  of t h e  support  s k i r t  i s  
5 1 / 4  inches.  
The e n t i r e  assembly i s  pol ished t o  have 
28 
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5.0 THERMAL PROPERTIES 
5.1 Support Strut Conductivity 
The following data relate the thermal conductivity to 
temperature for the fiber-glass and titanium struts over the 















glass fabric reinforced epoxy resin 
Nema G-10 
Formica Corp. FF 89 
Amine-cured epoxy, 36% by weight 
Style 1674 glass fabric (2.6 oz/yd ) 
40-44 warp x 32-40 fill thread count, 


























5.2 Measured Emittances 
Table 2 lists the emittances of the various materials 
used in the shadow shield system. The data were obtained from 
emissometer measurements using the apparatus described in Ref. 
5. 
grated over all wavelengths) at room temperature. 
The values quoted are total hemispherical emittances (inte- 
* 
Conductivity units are Btu-in/hr-ft2-F and are given perpen- 
dicular and.paralle1 to the thickness. 
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TABLE 2 
SUMMARY OF EMITTANCE MEASUREPENTS 
Sample Desc r ip t ion  11 I f  E - 
1) Support S k i r t  Sample 
(6061-T6 aluminum, buffed and 
"bright-dipped") 0.024 
2) Payload Simulator Surface Sample 
(Pol ished 6061-T6) 0.027 
3) Support S t r u t  Covering 
( 1 / 4 - m i l  aluminized Mylar) 
Sample ''A'' 
Sample "B" 
4 )  Pa in ted  Sur face  of Support S t r u t s  
Black Velvet - no primer) 
(2 c o a t s  "3M"-101-C10 O p t i c a l  
5) Shadow S h i e l d  Fabr i c  
(Aluminized Mylar bonded t o  
nylon f a b r i c  - aluminized 
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APPENDIX A 
S W O W  SHIELD SYSTEM DRAWINGS 
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